In this paper, the size-and shape-dependent spectral characteristics of plasmonic nanostructures based on the Thue-Morse (ThMo) sequence are investigated in theory and experiment. We designed, fabricated, and characterized nine different Au nanopillars (NPs) lattices to evaluate their use as nanosensors based on localized surface plasmon resonances (LSPR). The extinction spectra and the bulk refractive index sensitivity (m) are compared to three selected shapes of the NPs (square, circular, and triangular) with different minimum interparticle distance. The maximum m of 275 nm/RIU is obtained for a ThMo pattern with square NPs. Finally, a detection limit of 260 pM (62 pg/ml) of Thiram pesticide has been achieved using an LSPR nanosensor based on an optimized ThMo pattern with triangular NPs employing a phase-sensitive setup to increase the figure-of-merit (FOM) of the sensor.
Introduction
In the last decade, the development of nanosensors based on extraordinary plasmonic properties has attracted much attention for the detection and monitoring of environmental and biological agents [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Among the variety of devices available, localized surface plasmon resonance (LSPR)-based nanosensors are considered one of the most powerful tools for analyte investigation [16, 17] . They work by transducing small refractive index variations near the metallic surface of the nanoelements into a measurable wavelength shift response. LSPR nanosensors have the notable advantages of a label-free detection and can be engineered to provide devices with very low limit of detection (LOD) for specific molecules. Furthermore, compared with other plasmonic sensors based on surface plasmonic resonance (SPR) or surface enhanced Raman spectroscopy (SERS), LSPR nanosensors allow to realize low-cost prototype and portable systems, do not require a temperature control, and can be implemented by the use of an easy instrumental setup. Thanks to these advantages, LSPR sensing system has been applied in a wide range of fields, such as food safety, environmental monitoring, and medical diagnostics [18] [19] [20] [21] [22] [23] [24] [25] .
Plasmonic properties and near-field distribution affect the main characteristics of these nanosensors such as sensitivity, LOD, and reproducibility. However, as widely discussed and studied in literature, both plasmonic properties and near-field distribution can be controlled and tuned conveniently by the change of the shape, size, and geometry of the nanopattern [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . In this regard, it has been shown that nanostructures based on aperiodic geometries can allow an exceptional degree of control on the light properties to provide strongly enhanced near fields and to enable very sensitive plasmonic devices [38] [39] [40] [41] [42] [43] [44] . As reported in literature [44, 45] , aperiodic patterns provide the necessary balance between their resonant modes and the spatial distribution of large field intensity over extended sensing areas, resulting in largely improved sensitivity respect to periodic grating sensors or photonic crystals cavities, which are limited by the small overlap of the analyte with the localized field.
In this work, we realized and compared engineered LSPR sensors based on a 2D Thue-Morse (ThMo) sequence with different geometries. Optical properties of the ThMo aperiodic pattern have been widely investigated, and their peculiarities (self-similar hierarchy of pseudoband-gap regions, omnidirectional reflectivity, and light emission enhancement) make such geometries an attractive candidate for the realization of high-performance multi-mode plasmonic nanosensors [45] [46] [47] [48] [49] [50] . We fabricated them by the use of the electron beam lithography (EBL) process. EBL technique allows to realize highly reproducible nanopatterns by controlling with high precision size, shape and inter-particle distance, allowing the tuning of the plasmonic resonance in the visible and near-infrared range. The bulk refractive index sensitivity (m) of the devices has been evaluated, and a maximum value of 275 nm/RIU has been obtained for ThMo with square nanopillars (NPs).
The performance of the LSPR nanosensors for environmental analysis has been tested by the use of water solutions of a dithiocarbamate fungicide Thiram (C 6 H 12 N 2 S 4 ). Thiram is a pesticide used on a variety of crops including fruit and vegetables, and it is toxic for human and, in particular, for most fish and aquatic organisms [51] . Phase-sensing approach is becoming an alternative to the traditional intensity sensing, thanks to the high sensitivity and signal-to-noise ratio that it allows [52] . In order to increase the figure-of-merit (FOM) of the sensor, we employed a phase-sensitive setup in the transmission based on common-path phase quadrature interferometry to evaluate the phase difference between the spectra measured along the axes of asymmetric NPs [52] [53] [54] . An LOD of 270 pM (62 pg/ml) was attained for Thiram using a ThMo pattern with triangular NPs, and our achievements have demonstrated how this new approach can dramatically boost FOM of refractive index sensing. We also performed SERS analysis to verify the physical adsorption of the Thiram molecules on the substrate as a function of different concentrations.
Although there have been many other attempts to detect Thiram using plasmonic sensors [55] [56] [57] [58] [59] [60] , to the best of our knowledge, this is the first time that this is done using the LSPR approach and nanosensors fabricated with a top-down technique. These results indicate that the LSPR nanosensors developed here are expected to demonstrate a wide range of applications for the detection of analytes of environmental and biological interest. Furthermore, our achievements open the way to use the ThMo pattern in dual-mode plasmonic sensors, combining LSPR and SERS analysis, making it more versatile for applications and more attractive from the cost-effectiveness ratio point of view. In the fabrication process, a layer of 180-nm-thick styrene methyl acrylate-based polymer (ZEP from ZEONREX Electronic Chemicals) electron-sensitive resist was spin-coated on a 15-nm conductive ITO-coated glass substrate, baked at 170° for 5 min and exposed to 12.8-pA electron beam current. The patterns were generated in ZEP layer after development in a n-Amyl acetate solvent, then rinsed for 60 s in 1:3 MIBK:IPA solution (methyl isobutyl ketone:Isopropyl alcohol), followed by IPA rinse. All solvents were purchased from Sigma Aldrich. Au nanostructure arrays were created firstly by evaporating 2-nm Cr and 50-nm Au film (SISTEC CL-400C e-beam evaporator) to the ZEP surface and then with an additional lift-off step accomplished by immersing the substrate in N-methylpyrrolidinone (NMP) heated at 80°C for 5 min and then sprayed with a squizzle of NMP to remove the Au film. High-quality morphology nanostructures were characterized by both scanning electron microscopy (SEM -Raith 150) and atomic force microscopy (AFM-Ntegra Spectra, NT-MDT, Russia). The microscope images in Figure 1 refer to ThMo with a = 50 nm and show how both dimensions of the pillars and the step size of the nanostructures appear uniform and regular on the whole pattern.
FDTD simulations
In order to investigate both the near-field and the expected spectral response of the nano-arrays considered, we performed numerical calculations using the finite difference in time domain (FDTD, home-made code) method. In both calculations, we considered four order ThMo lattices with semiinfinite both the glass substrate (BK7) and the air cover, whereas the thicknesses for the Au pillar and ITO layer used were, respectively, 50 nm and 15 nm. An incident laser wavelength of 785 nm, polarized in the plane of the NPs, was used to stimulate the pattern. Refractive indices used for the materials were n air = 1, n glass = 1.51, n ITO = 1.78, while Au was modeled using the Drude parameters [61] . During the calculations, we set a time step (in units of ct) of 10 −3 μm and a uniform spatial grid with a step size of 5 nm in each direction. Perfectly matched layer (PML) boundary conditions on all directions were used. The electric component (Ex) intensity, parallel to the substrate surface, was calculated 20 nm above the plane of the NPs to avoid stair-stepped approximation error [62] . The distributions relative to ThMo with a = 80 nm and different NPs shape are shown in Figure 2 . Calculated fields are quite regular in each nanopattern, and they are generated by both plasmonic and photonic coupling [63, 64] . Field properties are similar for square and circular NPs, with a distribution more uniform in the case of square NPs. In the case of triangular NPs, the near-field achieved seems to be much more localized between two close elements and it decreases rapidly moving away from them. In this last case, the simulations show the highest value for the hotspot area.
Spectral response in transmission was obtained by means of fast Fourier transform (FFT) of the response time. Spectra relative to ThMo with square NPs, a = 100 nm, and calculated in three different medium (air, water, and anisole) are reported.
Spectroscopic characterization
Optical properties of the fabricated plasmonic nanostructures have been evaluated via UV-vis adsorption spectroscopy based on intensity interrogation and SERS. UV-vis extinction measurements allow to investigate the LSPR of the nanostructures, and they were realized using the setup shown in Figure 3A . White light of an unpolarized halogen source is coupled in a microscope and focused on the nanopattern under investigation by an objective (M, 40 ×; NA, 0.65). The transmission signal is then coupled in a fiber with a core of 50 μm and detected using an Ocean Optics USB4000 spectrometer. We experimentally determined both the bulk refractive index sensitivity (m) and the FOM, defined as the ratio between m and the full wave at half maximum (FWHM) of the nanosensors, by measuring the LSPR peak shift (Δλs) induced by a change of the medium refractive index: air (n = 1), water (n = 1.332), glicerin (1.454), and anisole (n = 1.516).
SERS measurements were performed using a QE ProRaman spectrometer (Ocean Optics) preconfigured for 785 nm (10 mW) Raman excitation, using a 1200 lines/mm grating, and 50-μm slit coupled to an upright laboratory microscope (Olympus BX51). A 50 ×(NA = 0.75) objective was used to focus the laser beam on the nanostructured surfaces and to collect the scattered light in the range of 400-1400 cm −1 using a backscattering configuration. Figure 4C ). After 12 h, the sample is washed many times with H 2 Odd, IPA and is dried under N 2 flux, before analysis.
Modification of nanostructured surface

Results and discussion
In this work, we developed LSPR-based sensors with Au NPs arranged in a ThMo lattice with different geometries fabricated on ITO-coated glass. In Figure 5A -C, we show the extinction spectra measured for ThMo nanopatterns with a = 100 nm. In all cases, the LSPR peaks are located in the NIR region and show a red shift for higher refractive index of the medium as expected. In Figure 5D -F, we report the experimental trends of the LSPR peaks versus the refractive index of the medium achieved for the ThMo investigated with different pillar shape and a parameter. The trend is linear in each case, yielding a higher value of m when a increases. In Figure 5B and E are shown the numerical simulations concerning the extinction spectra (in grey color) of the ThMo with square NPs. Calculated spectra are in good agreement with the experimental ones showing the same red shift and LSPR peaks near those found in the experiment. We ascribe the differences between experimental and simulated spectra to the approximations made in the calculations, in particular, related to the smallest order of the pattern ThMo taken into account (four orders) necessary to reduce the computation time. In Table 1 , we report the experimental m values in nm/RIU estimated through the linear fit of the equation Δλs = mΔn and the FOM achieved for each nanosensor investigated. Our measurements reveal the highest value of m for the ThMo arrangement with square NPs with a maximum m = 275 nm/RIU for a = 100 nm. At first glance, we can ascribe the higher m of square NPs arrays to their higher reference plasmon wavelength peak (in air) compared to those of circular and triangular ones, but a more in-depth analysis can be made by taking into account the numerical computations realized.
From the comparison between the near fields simulated ( Figure 2 ) and experimental results, it is worth noting that we found higher experimental m values corresponding with field distributions that appear more uniform and less localized. In particular, FDTD simulations show clearly, as in regions far from the NPs where the near-field distribution is due mainly to the photonic coupling and to the multi-scattering process, that the field intensity for the three kinds of ThMo considered is higher in the case of NPs with square shape compared to those of the circular and triangular shapes. This achievement perfectly matches the trend of the experimentally measured sensitivity shown in Table 1 . This agreement can be explained by referring to the unique optical interaction properties of aperiodic nanopattern. Due to the increased structural disorder, the aperiodic arrays are strongly coupled in both the plasmonic near-field regime (short-range coupling), which mainly determines the presence of hot-spot area between two near pillars, and the photonic diffractive one (long-range coupling), which essentially affects the field distribution in nanopattern regions far from the particles [63] . In particular, the efficient photonic coupling in aperiodic arrays, associated with their high number of inplane multi-scattering processes, enables both enhanced field states that are spatially distributed over larger areas and higher photon dwelling times compared to periodic patterns where scattered photons easily escape from the surface. In fact, these characteristics improve the lightanalyte interaction, enhancing the sensitivity of the system and making these types of patterns promising to develop advanced sensing devices. Therefore, we can assert that the higher m of square NPs array should arise from the better long-range coupling and higher number of light scattering process enabled from this geometry compared to the ones possible for ThMo arrays made of circular or triangular NPs.
In order to confirm this thesis and highlight the impact that the long-range coupling can have on the sensor performance, we characterized a periodic pattern based on Au nanoprisms with size comparable to those of the ThMo arrays. Figure 4 reports the extinction spectra relative to the pattern with a = 100 nm (a), the trends of the LSPR peak wavelength versus the refractive index of three different medium (air, water, and anisole) and the SEM image of the nanoprisms array with a = 100 nm (c). The bulk refractive index sensitivity (m) values estimated for the nanoprisms pattern with a = 50 nm and a = 100 nm, respectively, of 79 nm/RIU and 90 nm/RIU are less than half of those measured for ThMo configurations with comparable size (see Table 1 ). This gap on the sensitivity found in the comparison of the two kinds of nanostructures investigated (periodic and aperiodic) provides further support to the high impact that the higher number of multi-scattering process in a pattern with greater degree of disorder can have in the realization of sensors with a detection more accurate and sensitive.
Such results show how the nanopatterns considered are well suited as LSPR sensor for detection application of analytes through the use of a low-cost experimental setup. As the results of the characterization in terms of sensitivity m and linearity were promising, we used this approach to investigate an analyte of environmental interest. Nevertheless, the values of FOM found for all nanopatterns analyzed, ranging from 0.66 to 1.24 (Table 1) , are not high enough to achieve an optimized very low LOD [65] .
In this regard, we further investigated the sensing performance of the ThMo arrays in the detection of the Thiram pesticide by the use of a common-path phase quadrature interferometry setup, described in the references [52, 53] , in a transmission configuration (see Figure 3B ). This experimental approach allows more accurate signals with FWHM of few nanometers and hence optimized FOM, enabling lower LOD. In the setup, polarized white light is focused on the nanostructured sensor by an objective (M, 40 ×; NA, 0.65) and the transmission signal goes through both an achromatic quarter wave plate fixed with the fast axis being placed at 45° with respect to the incident plane and a rotatable analyzer. The signal is then coupled in a fiber with a core of 50 μm and detected using an Ocean Optics USB4000 spectrometer. Four normalized transmission spectra are measured with the analyzer sequentially set at 0° ± 45° and 90° with respect to the incident plane and considering the transmission measured outside the nanopattern as reference signal. Using the Jones matrix method to describe, the polarized light propagation can be shown as the phase difference ϕ determined as tan
, where I 0 , I ±45 , and I 90 are, in our case, the normalized transmission spectra taken at different analyzer angles [52] . Unlike the case of symmetrical NPs (square or circular), for triangular NPs, due to their asymmetry, the transmission spectra measured for the sand p polarizations are shifted [54] . This spectral shift produces a large phase difference ϕ between the two polarized waves and, consequently, narrow signal lines corresponding to an LSPR peak. For this reason, we used the ThMo array with triangular NPs and a = 100 nm to evaluate the LOD for Thiram. Here, LOD is defined as the minimum detectable refractive index change due to the presence of the pesticide. Analyte aqueous solutions were carefully dropped onto the nanopattern and dried in air under ambient conditions prior to LSPR and SERS measurements. Chemisorption of Thiram on the gold nano-structured surface of our sensor is facilitated by the presence of sulfur in the molecular structure of the compound. The presence of sulfur in the thioamide groups of a disulfide-based molecule surely allows its adsorption on the Au surface. The LOD for Thiram was evaluated through the measurements of the LSPR peaks shift obtained for different molecular concentrations. Figure 6A shows the phase difference ϕ evaluated for Thiram concentrations ranging between 10 −5 m and 10 −9 m analyzed. We characterize the steepness of the phase jumps by calculating the absolute differential phase |dϕ/dλ | in Figure 6B . The signal peaks show a good signal-to-noise ratio, and their FWHMs are found to vary between 1.1 and 1.4 nm, which correspond to the lowest and highest spectral FOM achieved of 151/RIU and 193/RIU, respectively. It is worth noting how the phase-sensitive measurements performed allow signals with line widths about 100 times narrower compared to their intensity-based counterparts.
In Figure 6C , Furthermore, we used Thiram as molecular analyte to evaluate the SERS activity of the same ThMo array and to verify the physical adsorption of the substrate as a function of different concentrations of the Thiram molecules. Figure 6D shows the SERS spectra obtained in which some characteristic peaks of the molecule can be clearly identified: 1386 cm −1 attributed to CN stretching mode and symmetric CH 3 deformation mode, 1146 cm −1 attributed to CN stretching vibrations mode, and 561 cm −1 , which is the S-S stretching mode [66, 67] .
Conclusions
In summary, we have extensively analyzed the characteristics of the LSPR of engineered aperiodic nanostructures with the arrangement in ThMo NPs as a function of both their shapes and interparticle distances, comparing experimental and numerical results. We experimentally obtained a high m value of 275 nm/RIU with an LSPR sensor using a low-cost setup based on intensity interrogation of easily implementation.
Our results have shown that FOM in based refractive index sensing can be largely increased by measuring the phase difference of the transmitted beam instead of its intensity only. We used our nanosensors for the detection of Thiram pesticide, and to the best of our knowledge, this is the first time that this is done using the LSPR approach and devices fabricated with a top-down technique. An FOM of 193/RIU with a ThMo based on triangular NPs was found. The improved FOM results in an LOD of the pesticide as low as 260 pM (62 pg/ml), which is highly promising for label-free and real-time analysis of solutions at ultralow analyte concentrations.
These achievements demonstrate that the ThMo pattern may be employed for the development of advanced LSPR sensors. The possibility to use this pattern in a dualmode sensor (SERS + LSPR approaches) makes it more versatile from an application point of view and reduces the cost-effectiveness ratio of these nanosensors.
In conclusion, this work presents significant developments in the use of LSPR sensors based on aperiodic nanopatterns for the detection of pesticides in samples of water. Our results open the possibilities to engineer lowcost portable sensors for the detection of biological and environmental analytes, sensitively, rapidly, and in low volume samples.
